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Comprehensive guidelines and procedures are in place for the prevention and control 
of nosocomial infections; however, several nosocomial infection outbreaks have been 
documented and reported over decades (DAVIN-REGLI et al. 1997). Appropriate and 
practical guidelines should be followed to ensure the efficacy and effectiveness of 
disinfection procedures in sanitary control in health care facilities (RUTALA et al. 
2008). Biocides including disinfectants are widely used in the hospital setting and are 
essential in infection control. Disinfectants are considered effective against a broad 
spectrum of microbes and may have multiple target sites (MCDONNELL and 
RUSSELL 1999). Nevertheless, there has been concern that biocide usage might 
select for antibiotic-resistant bacteria or could increase insusceptibility of bacteria 
against biocides (MURTOUGH et al. 2001). 
The inanimate environment of hospitalized patients becomes frequently 
contaminated thus surfaces and portable equipment, besides health care personnel, 
may play a role as secondary reservoirs for cross-transmission of infectious diseases 
(LEMMEN et al. 2004; DONSKEY 2013; WEBER and RUTALA 2013). Thus, the daily 
methods of cleaning and disinfection should be critically examined because the risk 
of recontamination remains high (AYLIFFE et al. 1967). Accordingly, the CDC 
guideline recommended that the hospital environment should be subjected to a 
proper and vigorous routine disinfection (RUTALA et al. 2008). 
The most common cause of nosocomial infections in an intensive care unit (ICU) are 
Gram-negative bacteria (VINCENT et al. 2009). Moreover, multidrug-resistant Gram-
negative bacteria (MRGN) that are at least resistant against three (3 MRGN) or four 
(4 MRGN) antibiotic classes (Kommission für Krankenhaushygiene und 
Infektionsprävention (KRINKO) 2012) constitute a major problem and health threat 
worldwide (LEMMEN et al. 2004; GRAY and MAHIDA 2016). Enterobacter (E.) 
cloacae subsp. cloacae have long been reported as important human pathogens 
particularly in hospitalized patients, the elderly and young people (DAVIN-REGLI et 
al. 1997). E. cloacae tend to contaminate various medical, intravenous and other 
hospital devices. Nosocomial outbreaks have been reported and were associated 
with colonization of certain surgical equipment and operative cleaning solutions. 
These have been implicated as a reservoir for outbreaks of device-associated 
bacteremia in several instances (JOHN 1982). 
With regard to this, the aim of this study was to determine the efficacy of peracetic 
acid, ethanol, benzalkonium chloride and sodium hypochlorite, which are commonly 




Examinations were done according to the “Requirements and Methods for 
Certification of Chemical Disinfection Procedures” of the German Association for 
Applied Hygiene (Verbund für Angewandte Hygiene e.V., VAH). The minimum 
inhibitory concentration (MIC) was determined followed by determining bactericidal 
values using qualitative and quantitative suspension tests. Biocide efficacy under 
practical conditions as surface disinfection without mechanical action was evaluated 
using stainless steel carriers. Results were compared to reference strains in order to 
evaluate if multidrug-resistant E. cloacae are per se disinfectant-resistant which 
would lead to specific disinfection procedures. Moreover, results may increase 




2. Literature Review 
 
The EC recommendation (ANONYMOUS 2001) on the prudent use of antimicrobial 
agents suggested a simple method to improve strategies for control and prevention of 
antimicrobial resistance. Antimicrobial resistance thus may not be overcome by 
developing new antimicrobial compounds but as an important step to reduce the 
amounts of antimicrobial agents used, a sustainable antibiotic resistance surveillance 
system as well as clear guidelines for the management of infections should be 
established (COM 2001). Control measures should be instigated and followed to 
reduce bacterial contamination and mitigate the threat of serious healthcare-
associated infections from the use of contaminated products (WEBER et al. 2007; 
ARAUJO et al. 2011). It has moreover been suggested that each hospital should 
prove susceptibility of bacterial isolates in order to choose the appropriate 
disinfectant (SHIRAISHI and NAKAGAWA 1993). An investigation on the cleaning of 
hospital floors determined that only a few hours after floor disinfection the bacterial 
count was nearly back to the pre-treatment level (SUNDHEIM et al. 1998). Moreover, 
extensive cleaning has resulted in disadvantages for hygiene staff that developed 
skin irritations or asthma (RUTALA and WEBER 2001; DETTENKOFER et al. 2004). 
Routine cleaning of surfaces with detergent did not lead to a change of infection 
rates. Therefore, disinfection is required for preventing nosocomial infections. 
Multidrug-resistant Gram-negative bacteria (MRGN) constitute an important threat to 
healthcare worldwide (GRAY and MAHIDA 2016). Among MRGN, extended β-
lactamase- and carbapenemase-producing Enterobacteriaceae are emerging in 
many European countries (KÖCK and CUNY 2018; KÖCK et al. 2018). Besides 
multidrug-resistant E. coli and Klebsiella, E. cloacae has become the third 
Enterobacteriaceae species involved in nosocomial infections (DAVIN-REGLI and 
PAGÉS 2015). With growing reports on MDR bacteria concern has been raised 
regarding the development of disinfectant resistance, in particular cross-resistance to 
antibiotics (MCDONNELL and RUSSELL 1999). Therefore, it is important to ensure 
the efficacy of chemical disinfectants especially in nosocomial disease events. 
Appropriate disinfection measures are the mainstay of a good hygiene management 
and play a main role in maintaining high health standards by reducing microbial loads 
in the hospital environment. The increased use of disinfectants in healthcare may 
have been initiated as a result of the increasing trend of nosocomial MRGN infections 





2.1 Enterobacteriaceae  
2.1.1 General properties  
Members of the family Enterobacteriaceae are rod-shaped, non-spore-forming, 
facultative anaerobic, gram-negative bacteria. Their principal habitat is the lower 
gastrointestinal tract of humans and other animals (DONNENBERG 2010). 
Furthermore, they can be found widely in the environment, for example in water, soil, 
and sewage (MEZZATESTA et al. 2012). They cause a wide variety of sporadic 
infections but have also become one of the most important causes of nosocomial 
outbreaks and community acquired infections (COQUE et al. 2008). 
 
2.1.2 Enterobacter cloacae complex 
Among the six species of this complex, E. cloacae accounts for the vast majority of 
infections (DONNENBERG 2010; MEZZATESTA et al. 2012). It can cause hospital-
associated infections in humans including urinary tract infection, bacteremia, 
pneumonia, wound and burn infections, surgical site infection, and meningitis 
(WEESE 2008; DONNENBERG 2010). In recent years, E. cloacae has emerged as 
one of the most commonly found nosocomial pathogens in neonatal units 
(FERNÁNDEZ-BACA et al. 2001; DALBEN et al. 2008; MEZZATESTA et al. 2012). 
Moreover, the number of clonal outbreaks caused by members of the E. cloacae 
complex is increasing (MEZZATESTA et al. 2012). In Germany, E. cloacae account 
for 6.5% of all nosocomial infections in ICUs (KRINKO 2012). E. cloacae tend to 
contaminate various medical, intravenous and other hospital devices. Moreover, 
epidemics have been associated with contaminated benzalkonium chloride (JOHN et 
al. 1982). Gaps in the hygiene management may contribute to the dissemination of E. 
cloacae in hospital settings (KRINKO 2012). 
 
In veterinary medicine, there are only few reports regarding E. cloacae infections in 
small animals but MDR strains of this species may have a similar role in opportunistic 
infections as described for humans. GIBSON et al. (2008) retrospectively evaluated 
hospital records and reported about 37 dogs with extra-intestinal infections caused by 
MDR E. cloacae and E. coli. E. cloacae possess multiple sets of virulence 
determinants and heavy-metal resistance genes (REN et al. 2010) however, the 
pathogenic mechanisms and factors of E. cloacae that contribute to disease are not 
understood yet (DAVIN-REGLI and PAGÉS 2015). High level of resistance to 
antibiotics and other antimicrobial agents like silver nitrate has been described 
(JOHN et al. 1982). Reports about infections in animals with MDR E. cloacae are rare 




E. cloacae are intrinsically resistant to ampicillin, amoxicillin, amoxicillin–clavulanate 
and cephalosporins of the first- and second generation due to the production of 
constitutive AmpC chromosomal β-lactamase (DONNENBERG 2010; MEZZATESTA 
et al. 2012). Recently, production of extended-spectrum β-lactamases (ESBLs) in this 
species has been described. A high proportion of ESBL-producing E. cloacae 
isolated from cats, dogs, and horses could be assigned to the potentially high-risk 
clones reported in humans, which raised concern about the transfer of E. cloacae 
between animals and humans (HAENNI et al. 2016). 
β-lactamases are produced by microorganisms and are able to break β-lactam 
molecules to become inactive. In Gram-negative bacteria, the β-lactamase mediated 
resistance is either plasmid-mediated or expressed chromosomally and it is the most 
common resistance mechanism among Gram-negative bacteria. The β-lactamase 
functional classification consists of three groups: group 1, cephalosporinases; group 
2, broad spectrum, inhibitor resistant ESBLs, and serine carbapenemases; and group 
3, metallo-β-lactamases. Among the β-lactamases, ESBLs are of interest due to their 
ability to hydrolyze oxyimino-cephalosporin (3rd- 4th generation cephalosporins) and 
monobactams but not cephamycin. An increase in ESBL-related reports was noticed 
even in countries with narrow use of antibiotics. Most of the resistance elements, that 
can inactivate extended β-lactam drugs, are encoded on transferable elements with 
(RAHMAN et al. 2018). ESBLs have been frequently reported in Europe since their 
first description in 1983 but overall occur less often in Europe than in Latin America 
and Asia (COQUE et al. 2008). All kinds of β-lactamases are found in E. cloacae. 
Moreover, E. cloacae are capable of overproducing AmpC β-lactamases by de-
repression of a chromosomal gene, or by the acquisition of a transferable AmpC on 
mobile elements like plasmids. These plasmid-mediated strains constitute a growing 
problem among clinical isolates as they are resistant to third-generation 
cephalosporins and ureido- and carboxy-penicillin, and they are not inhibited by 
common β-lactamase inhibitors. Fourth-generation cephalosporins are active against 
de-repressed strains but if they are also ESBL-producers they additionally become 
resistant to this class of antibiotics (MEZZATESTA et al. 2012). The complexity and 
diversity of ESBL are increasing rapidly. Antibiotics provide selective pressure for 






2.2 Multidrug-resistant bacteria and disinfectant “resistance” 
Biocides are widely used for the disinfection of surfaces, water, medical devices and 
facilities (MCDONNELL et al. 1999; MAILLARD 2005). Overall, Gram-negative 
bacteria are intrinsically more resistant to biocidal action than Gram-positive bacteria 
which can be explained by their different cell structure (MURTOUGH et al. 2001). 
The emergence of bacterial resistance to biocides was first described in the 1950s 
(MAILLARD 2005). Meanwhile, bacterial resistance to iodine releasing compounds, 
quaternary ammonium compounds, oxidants, phenols, chlorine releasing compounds 
and aldehydes has been reported (CHAPMAN 2003). MAILLARD (2005) considered 
various mechanisms (e.g. multidrug efflux pumps, impermeability barrier, 
degradation, modification of target, alteration of metabolism) conferring biocide 
resistance in bacteria. MCDONNELL and RUSSELL (1999) noted that hospital 
isolates of Gram-negative bacteria were less susceptible to disinfectants than the 
laboratory strains. This might be attributed to selection and mutation of bacteria in the 
hospital environment e.g. due to changes in the bacterial outer structure due to a 
prolonged effect of sub-inhibitory antimicrobial concentrations. In general, bacteria 
are considered to be “resistant” to biocides including disinfectants when they are not 
inactivated by an in-use concentration of the product or show significant 
insusceptibility compared to original isolates or sensitive strains (CHAPMAN 1998; 
RUSSELL 2003). Recently, concerns have been raised that multidrug-resistant 
bacteria might likewise become unsusceptible to biocides (SCENIHR 2010; WALES 
and DAVIES 2015). Moreover, it has been suggested that microorganisms that are 
extensively and consistently exposed to antiseptics and disinfectants may adapt to 
survive (MCDONNELL and RUSSELL 1999). The European Commission has long 
been concerned about the risk of development of resistance to biocides. Long-term 
exposure of microorganisms to leftover residues in the environment might lead to 
increased insusceptibility to some antibiotics and some disinfectants (FRANK et al. 
1969; MCDONNELL and RUSSELL 1999; SANDER et al. 2002; RUSSELL 2003; 
TABATA et al. 2003; SHELDON 2005; SIMÕES et al. 2006; SMITH et al. 2007; 
MCCAY et al. 2009; SOUMET et al. 2012; TANDUKAR et al. 2013; TEZEL and 
PAVLOSTATHIS 2015; ZHANG et al. 2015). The increase of “resistance” was not 
acquired in an orderly manner (CHAPLIN 1952; SCHWAIGER et al., 2014). Many 
studies reported that exposure to disinfectants resulted in increased tolerance to 
disinfectants (LEAR et al. 2006; WEBER and RUTALA 2006) but not rising antibiotic 
resistance (MCBAIN et al. 2004; REICHEL et al. 2014). BRÖZEL and CLOETE 
(1991) found that bacteria that inhabited water cooling systems developed resistance 
to quaternary ammonium compounds (QACs) by exposing isolates to sublethal 
concentrations for ten weeks. HIGGINS et al. (2001) reported that some bacterial 




Attempts have been made to relate MICs of biocides to the presence of antibiotic 
resistance plasmids which encode for efflux pumps and changes of particular outer 
membrane proteins as e.g. for plasmid-carrying methicillin-resistant Staphylococcus 
aureus. In contrast, studies on other bacterial species found no link between plasmid 
carriage and disinfectant resistance (GILBERT and MCBAIN 2003). Meanwhile, it 
has been suggested that the use of biocides may has driven the spread of mobile 
genetic elements such as class 1 integrons and hence antibiotic resistance genes 
(GILLINGS et al. 2008). KHAN et al. (2016) found that antibiotic-resistant bacteria 
survived longer than antibiotic-sensitive organisms when exposed to free chlorine in 
a contact-time assay which showed similar patterns of resistance and susceptibility in 
the agar diffusion test and the suspension test for disinfectants. KÕLJALG et al. 
(2002) mentioned that the increasing use of disinfectants caused higher trends of 
clinical nosocomial MRGN bacterial infection. Furthermore, increasing insusceptibility 
to biocides is likely to continue in hospitals, clinics (RUSSELL 1999) farms, biofilms 
(KÕLJALG et al. 2002; ZHANG and MAH 2008) and industry (MARIS 1995; 
SUNDHEIM et al. 1998; SIMÕES et al. 2010; TEZAL and PAVLOSTATHIS 2015) 
while, in contrast, it is slightly reducing in nature (RUSSELL 2002). Numerous studies 
on bacterial susceptibility to biocides have been conducted including MDR bacteria 
(HAMMOND et al. 1987; SPOERING and LEWIS 2001; ÖZKURT et al. 2003; LEAR 
et al. 2006; PINON et al. 2007; KAWAMURA-SATO et al. 2008; KAWAMURA-SATO 
et al. 2010; JAGLIC et al. 2012; MORRISSEY et al. 2014). Unfortunately, results of 
these studies on biocide susceptibility are not necessarily comparable as they vary 
e.g. in methods, culture media, contact time, and incubation time. Resistance to 
biocides has been determined only on a few strains of bacteria in vitro. In general, 
the resistance to biocides is low compared to antibiotics (GILBERT and MCAIN 
2003). 
 
2.3 Disinfectant testing 
The Scientific Committee on Consumer Safety has developed protocols for approval 
for disinfectants or antiseptics to access chemical and physical specifications, 
toxicological evaluation, exposure assessment and safety evaluation for the safety of 
consumers. European pharmaceutical products require disinfectant validation 
following the European Union Guide Good Manufacturing Practice or GMP. The 
registration of disinfectants is regulated by the 98/8/EC Directive to ensure that all 
biocidal products in the EU are safe, effective and non-hazardous to the environment. 
All the products authorized for use within the EU are shown in an approved list. 




In the United States, the active ingredients must be registered with the United States 
Environmental Protection Agency and all disinfectants that are used for medical 
devices must be regulated by the US Food and Drug Administration.  
To ensure that biocides are effective, it is vital to determine their in-use 
efficaciousness (GILBERT and MOORE 2005). In Germany, the two most important 
reference institutions for issuance of certificates and listing of disinfection procedures 
are the German Veterinary Medical Society (Deutsche Veterinärmedizinische 
Gesellschaft e.V., DVG) and the German Association for Applied Hygiene (VAH) 
Disinfectants Commission. Disinfectant testing according to their guidelines is similar 
to European standards but includes determination of MICs (DVG, VAH), 
determination of bactericidal concentrations by qualitative (DVG, VAH) and 
quantitative suspension tests (VAH), and practical tests on surfaces (DVG, VAH). 
According to the European Committee for Standardization 216 CEN-TC 216, the 
suspension tests are used to screen and determine bactericidal activity under specific 
conditions. 
Compared to antimicrobial susceptibility testing, there are no standardized guidelines 
to test for bacterial biocide susceptibility hence several in vitro methods have been 
used (KÕLJALG et al. 2002). Determination of MICs is a standard to determine 
bacterial sensitivity to antibiotics however the MIC-method has some limitations and 
can lead to inappropriate conclusions when applied to biocides (RUSSELL 2003). A 
bacterial isolate with a high MIC value may have an intrinsically low susceptibility for 
that group of organisms or a true resistant genotype (CHAPMAN 1998; JONES 1999; 
RUSSELL 2003). Moreover, results from MIC and suspension tests do not always 
correlate (SUNDHEIM et al. 1998; LANGSRUD et al. 2003). Though suspension 
tests serve well as exploratory tests, germ carrier tests under practical conditions 
more closely represent in-use conditions and might be more suitable to predict 
disinfectant efficacy. Factors associated with decreased or increased activity of 
disinfectants are concentration, contact time, organic load, formulation effects, 
temperature, pH, presence of biofilm, type of microorganisms and number of 
microorganisms, synergy and test method (MCDONNELL and RUSSELL 1999; 
MAILLARD 2005). 
 
2.4 Active substances investigated in this study 
2.4.1 Peracetic acid (PAA) 
PAA is a strong oxidizing agent classified as high-level disinfectant (SCENIHR 2009; 




fungicidal at concentrations lower than 0.3%. Moreover, it remains active in the 
presence of interfering organic material and decomposes to by-products that are of 
no harm for the users (MCDONNELL and RUSSELL 1999; CERAGIOLI et al. 2010). 
Nevertheless it depends on amount and type of interfering material (FISHER 2003). 
PAA acts by generating free radicals, non-specific oxidation, and di-hydroxylation of 
C-C double bonds (WESSELS and INGMER 2013). It is widely used in food 
industries, agricultural properties and medical facilities. WESSELS and INGMER 
(2013) stated that there are no reports on resistance or induction of cross-resistance 
to antibiotics. 
 
 2.4.2 Ethanol (ETH) 
Ethanol (ethyl alcohol) is a simple alcohol. The antimicrobial action of ETH is due to 
the denaturation of proteins and the inhibition of DNA-, RNA-, protein-, and 
peptidoglycan-synthesis. The penetration of ETH causes loss of cellular membrane 
function, leading to the release of intracellular components from the microorganism 
(SHELDON 2005). 70% ETH was the most effective concentration for killing microbial 
onto various surfaces (RUTALA et al. 2008). It is an effective antimicrobial that is 
widely used for surface disinfection and skin antisepsis. Ethanol exhibits a rapid 
broad-spectrum effectivity against vegetative bacteria, many viruses and fungi. 
According to SCENIHR (2009), ETH is considered an intermediate- to low-level 
disinfectant depending on the concentration. It inhibits sporulation and spore 
germination but this effect is reversible. The combination with excipients decreases 
appropriate actions against bacteria. The in-use concentration of alcohol is usually at 
evaporation time of ethanol will enhance the efficacy of the product. Ethanol has 
been described to be more potent against viruses than isopropyl alcohol, which has 
more concentration from 60 to 90% (MCDONNELL and RUSSELL 1999). 
 
2.4.3 Benzalkonium chloride (BKC) 
Although considered a low-level disinfectant (SCENIHR 2009), BKC is widely used 
as surface disinfectant, antiseptic, and also preservative. It belongs to the cationic 
QACs, which are membrane-active agents (CERAGIOLI et al. 2010). QACs are 
bactericidal with higher effectivity against Gram-positive bacteria and have an effect 
on enveloped viruses (MCDONNELL and RUSSELL 1999). They are most commonly 
used in the food industry as they are water-soluble, non-tainting, non-toxic and non-
corrosive (HOLAH et al. 2002). The widespread use of BKC in household products, 




cosmetics, and beauty care products might result in leftover residues in the 
environment (BUFFET-BATAILLON 2012). This will ultimately lead to the 
development of resistant organisms. Therefore, limitations on their use have been 
suggested (GERBA 2014). Numerous studies described that the exposure of Gram-
negative bacteria (among them E. cloacae) to low level BKC concentrations can 
increase the tolerance to this substance and, in addition, also to various antibiotics. 
Moreover, BKC has been described to co-select for antimicrobial resistance genes, 
increases horizontal gene transfer and is able to induce multidrug efflux pumps 
(WESSELS and INGMER 2013; KAMPF 2018). In food-associated staphylococcal 
species, genes (qac genes) encoding increased QAC tolerance have also been 
described (MCDONNELL and RUSSELL 1999). 
 
2.4.4 Sodium hypochlorite (NaOCl) 
NaOCl is a strong oxidizing agent with a broad-spectrum antimicrobial effect. 
According to SCENIHR (2009), NaOCl is classified as a low- or intermediate level 
biocide depending on the applied concentration. Nevertheless, NaOCl is a widely 
used and accessible product in terms of cost and benefit and has been used for 
disinfection of equipment, surfaces, and laundry, and for drinking-water disinfection (; 
RUTALA and WEBER 1997; DIN EN 901:2013-12; PEREIRA et al. 2015). Moreover, 
NaOCl is extensively used in the food processing industry (CERAGIOLI et al. 2010). 
Although possessing a broad-spectrum bactericidal activity bacterial resistance to 
chlorine releasing compounds has been described (CHAPMAN 2003). KHAN et al. 
(2016) found that antibiotic-resistant bacteria survived longer than antibiotic-sensitive 





3. Materials and Methods 
3.1 Materials 
Material Description 
Sterile water Demineralized tap water was autoclaved at 
121 °C, 2 bar for 15 min. 
 
Water of standardized hardness (WSH) 
 
WSH was freshly prepared using 6 ml of 
solution A and 8 ml of solution B filled-up to 
1,000 ml with sterile water. The shelf life of 




19.84 g of dehydrated NaCl (AppliChem 
GmbH, Darmstadt, Germany) and 46.24 g of 
dehydrated CaCl2 (AppliChem GmbH) were 
dissolved in 1,000 ml of sterile water. 
Solution A was sterile-filtered using a 
membrane filter at 0.22 µm pore size. This 
solution was stored for up to one month in 
small portions in a closed tube at 2 to 8 °C. 
 
Solution B 35.02 g of NaHCO3 (AppliChem GmbH) were 
dissolved in 1,000 ml of sterile water. 
Solution B was sterile-filtered using a 
membrane filter at 0.22 µm pore size. 
Solution B was stored for not longer than 7 
days at 2 to 8°C.  
Tryptone-NaCl 
 
1 g peptone from casein (Carl Roth GmbH & 
Co. KG, Karlsruhe, Germany), tryptic 
digested and 8.5 g of NaCl were dissolved in 
1,000 ml of sterile water. The solution was 
autoclaved for 15 min at 121 °C, 2 bar. The 







Neutralising agent (EIII) 
 
15 g peptone (Carl Roth GmbH & Co. KG) 
from casein tryptic digested, 5 g soy peptone 
(Carl Roth GmbH & Co. KG), 5 g NaCl, 3 g 
lecithin, 1 g L-histidine (AppliChem GmbH) 
and 5 g Na2S2O3 (AppliChem GmbH) were 
dissolved in 600 ml of pre-heated sterile 
water. After mixing well 30 ml of Polysorbate 
80 (Carl Roth GmbH & Co. KG) were added 
and filled-up to 1,000 ml with sterile water. 
The solution was autoclaved for 15 min at 
121 °C, 2 bar. 
Tryptone Soy Broth (TSB) 
 
Ready to use TSB powder (Carl Roth GmbH 
& Co. KG) was dissolved in 1,000 ml of 
sterile water. The solution was autoclaved for 
15 min at 121 °C, 2 bar. The range of pH was 




0.3 g bovine albumin fraction V (Carl Roth 
GmbH & Co. KG) were dissolved in 100 ml 
sterile water and sterile-filtered 
 
Tryptone Soy - Agar (TSA) 
 
Ready to use TSA powder (Carl Roth GmbH 
& Co. KG) was dissolved in 1,000 ml Aqua 
dest. The solution was autoclaved for 15 min 
at 121 °C. The range of pH was 7.0 ± 0.2 at 
20 °C. 
 
Columbia Agar with 5% sheep blood 
(COLSB) 
 






Glass beads Ø 3-4 mm (Carl Roth GmbH & Co. KG) 
Stainless steel discs 
 
Ø 20 mm, GK-Formblech GmbH, Berlin, 
Germany  
Peracetic acid (15%) 
Ethanol, pure (99.8%) 
Benzalkonium chloride (≥99.9%) 
 
Sodium hypochlorite (13%) 
AppliChem GmbH 
AppliChem GmbH 
Sigma-Aldrich Chemie GmbH, München, 
Germany 
12.3% to 14.9% active chlorine according to 
the manufacturer’s description (Carl Roth 
GmbH & Co. KG) 
Enterobacter cloacae subsp. Cloacae 
(Table 1) 
Clinical isolates were kindly provided by Prof. 
Dr. A. C. Rodloff, Institute of Medical 
Microbiology and Epidemiology of Infectious 
Diseases, University of Leipzig  
isolate 4/3/1/81 (Ecl1) 3 MRGN 
isolate 4/3/1/27 (Ecl2) 4 MRGN 
isolate 4/3/1/60 (Ecl3) 3 MRGN 
isolate 4/3/1/29 (Ecl4) 3 MRGN 
isolate 4/2/13/28 (Ecl5) 3 MRGN 
isolate 4/3/1/28 (Ecl6) 3 MRGN 
Enterobacter cloacae subsp. cloacae  
DSM30054, Type strain 
Leibniz Institute DSMZ – German Collection 








Disinfectant-testing at various concentrations was performed according to the 
guidelines specified by the Disinfectants Commission within the VAH in order to 
determine the susceptibility of E. cloacae to selected biocides.  
The studies were performed in vitro with four different test-steps including 
determination of minimum inhibitory concentrations (MIC), determining bactericidal 
values by qualitative and quantitative suspension tests, and conditions representative 
of practical use (so-called germ carrier test). 
 
3.2.1 Culture and storage of bacteria 
Six out of the seven strains of E. cloacae were isolated from human patients at the 
University Hospital of Leipzig. Antibiotic susceptibilities of all bacterial strains were 
laboratory-confirmed (VITEK®2, bioMérieux Deutschland GmbH, Nürtingen, 
Germany) at an established laboratory diagnostics company prior to disinfectant 
testing. Based on phenotypic resistance characteristics they were classified as 3 
MRGN or 4 MRGN (KRINKO 2012). The antibiotic resistance profiles are given in 
Table 1. The E. cloacae type strain DSM30054 was used as a reference strain. 
All bacteria were stored as stock cultures in CRYOBANKTM tubes (MAST Diagnostika 
GmbH, Reinfeld, Germany) at -80 °C. To prepare working cultures, a single bead 
was removed from the CRYOBANK with a loop, streaked onto COLSB and incubated 
for 18 h to 24 h at 37 °C. These cultures were stored at 8 °C for not longer than two 
weeks. The second and/or third subculture was streaked onto TSA and used for the 
experiments. Single colonies from these subcultures were suspended in tryptone-
NaCl to obtain a turbidity of 1.5 - 2.5 McFarland units (MIC testing, suspension tests) 
or 6.0 - 6.5 McFarland units (practical tests on steel carriers). The suspension was 
stored at room temperature and used within 2 h. Serial 1:10-dilutions of this 
suspension were performed and exact bacterial numbers counted after plating of 100 
µl of the respective dilution onto TSA using the spread plate method. Bacterial 
numbers were 1.5 - 5.0 x 108 colony-forming units (cfu)/ml, except for the practical 
tests on steel carriers (1.5 - 5.0 x 109 cfu/ml).  
 
3.2.2 Preparation of disinfectants and the neutralizing agent 
Disinfectant test solutions were prepared directly before the test using WSH. 




Differing from the requirements given by VAH, the toxicity control and the 
neutralization control were not included in each test series but were performed in a 
preliminary series of experiments prior to testing. Based on former studies using 
Enterobacteriaceae (KÖHLER et al. 2018 and 2019; GEBER et al. 2019) the 
subsequently described concentrations for each disinfectant were chosen. 
 
3.2.3 Minimum inhibitory concentration (MIC) 
Screw cap tubes containing 2.5 ml of double concentrated disinfectant were filled 
with 2.5 ml of double concentrated neutralizer or in tests with ethanol with double 
concentrated TSB. The following concentrations for the respective disinfectant were 
tested: peracetic acid: 0.00156%, 0.003125%, 0.00625, 0.0125%, 0.025%,0.05%, 
0.1%, 0.2%; ethanol: 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%; BKC: 
0.00125%, 0.0025%, 0.005%, 0.01%, 0.02%, 0.05; NaOCl: 0.025%, 0.05%, 0.1%, 
0.2%, 0.4%, 0.8%, 1.6%, 3.2%. A growth control was performed in parallel; 2.5 ml of 
double concentrated TSB were mixed with 2.5 ml of WSH. All test tubes were well-
mixed and inoculated with 50 µl of the bacterial test suspension (diluted 1:10 in 
neutralizer EIII). The test tubes were incubated for 48 h at 37 °C. After that time, 
turbidity of the broth culture was measured as an indicator of bacterial growth. The 
MIC was defined as the lowest concentration of disinfectant where no visible growth 
occurred. Each disinfectant concentration was tested in duplicates at two 
independent test series. 
 
3.2.4 Qualitative suspension test 
Ten ml of diluted disinfectant solutions were mixed thoroughly with 0.1 ml of the 
bacterial test suspension. The tested concentrations were as follows: peracetic acid: 
0.0015%, 0.003%, 0.006 %, 0.012%; ethanol: 20%, 25%, 30%, 35%; BKC: 
0.00125%, 0.0025%, 0.005%, 0.01%, 0.02%; NaOCl: 0.00006%, 0.0001%, 
0.00025%, 0.0005%. The control was performed with WSH instead of the 
disinfectant. After the respective exposure time (1, 5, 15, 30 and 60 min) at 20 °C, 
the test tubes were mixed again and 0.1 ml from each test tube was transferred to 10 
ml neutralizer EIII each. Tubes were incubated for 48 h at 37 °C. Cultures showing 
turbidity indicated growth of E. cloacae; no turbidity indicated bactericidal activity of 
the disinfectant. Each disinfectant concentration was tested in duplicates at two 





3.2.5 Quantitative suspension test 
To further evaluate the bactericidal activity of the different disinfectants, quantitative 
suspension tests without and with organic load (i.e. 0.3% BSA) were performed. 
Concentrations of the respective disinfectant in tests without organic load were: 
peracetic acid: 0.0015%, 0.003%, 0.006%, 0.012%; ethanol: 20%, 25%, 30%, 35%; 
BKC: 0.0025%, 0.005%, 0.01%, 0.02%; NaOCl: 0.004%, 0.008%, 0.016%, 0.032%. 
In test with organic load the concentrations of peracetic acid and ethanol were 
accordingly, but higher concentrations were chosen for BKC (0.005%, 0.01%, 0.02%, 
0.04%) and NaOCl (0.01%, 0.02%, 0.04%, 0.08%). Disinfectant solutions were 
prepared 1.25 times higher than the final concentration to be tested. Without organic 
load, 8 ml of the disinfectant were mixed thoroughly with 1 ml WSH and 1 ml of the 
bacterial test suspension. After the respective exposure time (1, 5 and 15 min) at 20 
°C, the mixture was thoroughly mixed again and 0.5 ml were transferred to 4.5 ml 
neutralizer and mixed. After neutralization time (5 min) solutions were mixed again. 
Immediately, 10-1 and 10-2 dilutions were applied. The spread-plate method was used 
to quantify bacteria on TSA and to calculate logarithmic reductions (LR) in viable 
counts. For sufficient bactericidal efficacy, LR≥5 in viable counts was requested. The 
calculation of the LR (lg R = lg N0 − lg Na) was done according to DIN EN 13727. Na 
is the number of cells that survived at the end of the contact time. Tests results were 
confirmed valid if the following was achieved: 8.17 ≤ lg N ≤ 8.70 and 7.17 ≤ lg N0 ≤ 
7.70. N represents the total colony forming units/ml in the bacterial test suspension 
and N0 = N/10.  
In tests containing 0.3% BSA as interfering substance disinfectants (8 ml) were 
mixed thoroughly with 1 ml of the bacterial test suspension and 1 ml BSA solution 
immediately before the test began. After the respective exposure time (1, 5 and 15 
min) at 20 °C, the neutralization of the disinfectant as well as the counting of bacteria 
was carried out as described before. Each disinfectant concentration was tested in 
duplicates at two independent test series. 
 
3.2.6 Surface disinfection without mechanical action (germ carrier test) 
All test surfaces (i.e. steel carriers) were kept in a horizontal position throughout the 
entire test. Room air temperature was 20 °C - 25 °C. 4.5 ml of the bacterial test 
suspension was mixed with 500 µl of 0.3% BSA. A 50 µl-aliquot of this mixture was 
pipetted onto stainless steel carriers. Carriers were kept in an incubator at 37 °C until 
dry but no longer than 60 min. Dried carriers were coated with 100 µl of disinfectant 




mentioned tests and were: peracetic acid: 0.012%, 0.024%, 0.048%, 0.096%; 
ethanol: 20%, 30%; 40%, 50%; BKC: 0.004%, 0.008%, 0.016%, 0.032%, 0.064%, 
1.28%, 2.56%, 5.12%; NaOCl: 0.005%, 0.01%, 0.02%, 0.04%, 0.08%, 0.16%, 0.32%. 
After the respective exposure time (1, 5, 15, 30 min), the carriers were placed upside 
down in a beaker filled with 10 ml neutralizer EIII and glass beads. The beaker was 
sealed and placed for 2 min on a horizontal shaker (125 U/min). After 2 min of 
neutralization time, dilutions of 10-1 and 10-2 were performed. 1 ml and 0.1 ml from 
each dilution was spread on TSA. Colonies were counted after 48 h at 37 °C. 
Toxicity control and neutralization control were checked once before performing all 
the tests. The WSH-control was performed always in parallel. Therefore, carriers 
were coated using WSH for the longest exposure time (60 min). The neutralization 
control was performed according to VAH with minor modifications: A 1 ml sample of 
the disinfectant solution was transferred and mixed with 9 ml neutralizer. After 3 min 
of neutralization, 1 ml and 0.1 ml of this solution as well as from a 10-1 dilution were 
plated on TSA. All the tests were done in duplicates on different days. The calculation 
of the LR was done as described above. 
 
3.2.7 Statistical analysis 
The influence of exposure time and organic load on bacteriostatic and bactericidal 
concentrations was evaluated for each disinfectant using the two-tailed Mann-
Whitney U-test (Graph Pad Prism Version 4, San Diego, Ca., USA) with a 
significance level set at p < 0.05. A one-dilution difference between values was 






In all experiments, the neutralizer EIII was effective in quenching disinfectant activity 
and was not toxic to the bacterial cells. 
 
4.1 Minimum inhibitory concentrations  
Results from MIC testing are given in detail in Table 2. Bacteriostatic concentrations 
among strains differed twofold for PAA (i.e. 0.0125% and 0.025%) and NaOCl (i.e. 
100 mg/l and 200 mg/l) whereas identical results were obtained for all strains and 
BKC (0.005%). Ethanol (ETH) varied between 6% and 7%. There was no general 
difference between multidrug-resistant strains and the reference strain. 
Table 2. Minimum inhibitory concentrations determined after 48 h of contact time 
Strain 
Minimum inhibitory concentration of 










Ecl1 0.025 7 0.005 0.02 200 
Ecl2 0.0125 6 0.005 0.02 200 
Ecl3 0.0125 7 0.005 0.01 100 
Ecl4 0.0125 6 0.005 0.02 200 
Ecl5 0.0125 7 0.005 0.02 200 
Ecl6 0.025 7 0.005 0.01 100 
Ecl7 0.0125 6 0.005 0.01 100 
The reference strain is shown in bold (Ecl7). 
The values given in Table 2 represent the highest MIC values obtained from two independent test 
series done in duplicates. 
 
4.2 Qualitative suspension tests 
Results determined by the qualitative suspension tests are summarized in Table 3 to 
Table 6 a. Overall, bactericidal values were little or no different from the reference 
strain after 1, 5, 15, 30 and 60 min of contact time. Bactericidal values determined for 
PAA (Table 3) were up to eightfold less compared with MICs. Variation in bactericidal 
values between strains at a given contact time was fourfold at highest. For ethanol 
(Table 4), bactericidal concentrations were up to fivefold higher compared with MICs 
and variation in bactericidal values showed approximately 5% between strains at a 
given contact time. BKC (Table 5) revealed bactericidal values determined by that 




between strains was fourfold at highest at a given contact time. Overall, bactericidal 
concentrations of PAA, ETH and BKC slightly decreased with exposure time. 
Bactericidal concentrations determined for NaOCl (Table 6 and 6 a) were up to 
1,000-fold less compared with MICs. Variation in bactericidal values between strains 
at a given contact time was fivefold at highest (e.g. for Ecl6 compared with Ecl5 or 
Ecl7). Strain Ecl6 revealed the highest susceptibility against NaOCl and was 
sufficiently reduced by a concentration of 0.1 mg/l free chlorine at all contact times. In 
general, contact time had no influence on bactericidal NaOCl concentrations. 
Table 3. Bactericidal concentrations of peracetic acid obtained at different contact times in 
the qualitative suspension test 
The reference strain is shown in bold (Ecl7). 
The values given in Table 3 represent the highest bactericidal concentrations obtained from 
independent test series done in duplicates. 
Table 4. Bactericidal concentrations of ethanol obtained at different contact times in the 
qualitative suspension test 
 
Strain 
Bactericidal concentration (%) at a contact time of 
1 min 5 min 15 min 30 min 60 min 
Ecl1 35 30 30 25 25 
Ecl2 30 30 30 25 <20 
Ecl3 30 30 25 <20 <20 
Ecl4 35 30 30 25 25 
Ecl5 35 30 25 25 25 
Ecl6 35 30 25 25 25 
Ecl7 35 35 35 30 25 
The reference strain is shown in bold (Ecl7). 
The values given in Table 4 represent the highest bactericidal concentrations obtained from 
independent test series done in duplicates. 
 
Strain 
Bactericidal concentration (%) at a contact time of 
1 min 5 min 15 min 30 min 60 min 
Ecl1 0.006 0.006 0.006 0.006 0.003 
Ecl2 0.012 0.003 0.0015 0.0015 0.0015 
Ecl3 0.006 0.0015 0.0015 0.0015 0.0015 
Ecl4 0.006 0.003 0.003 0.0015 0.0015 
Ecl5 0.006 0.006 0.003 0.003 0.003 
Ecl6 0.006 0.006 0.003 0.003 0.003 




Table 5. Bactericidal concentrations of benzalkonium chloride obtained at different contact 
times in the qualitative suspension test 
Strain 
Bactericidal concentration (%) at a contact time of 
1 min 5 min 15 min 30 min 60 min 
Ecl1 0.02 0.01 0.005 0.005 0.005 
Ecl2 0.01 0.005 0.005 0.005 0.005 
Ecl3 0.01 0.005 0.0025 0.0025 0.0025 
Ecl4 0.02 0.01 0.005 0.005 0.005 
Ecl5 0.02 0.01 0.005 0.0025 0.0025 
Ecl6 0.02 0.02 0.01 0.005 0.0025 
Ecl7 0.01 0.01 0.005 0.0025 0.0025 
The reference strain is shown in bold (Ecl7). 
The values given in Table 5 represent the highest bactericidal concentrations obtained from 
independent test series done in duplicates. 
Table 6. Bactericidal concentrations of sodium hypochlorite obtained at different contact 
times in the qualitative suspension test 
The reference strain is shown in bold (Ecl7). 
The values given in Table 6 represent the highest bactericidal concentrations obtained from 
independent test series done in duplicates. 





Bactericidal concentration (%) at a contact time of 
1 min 5 min 15 min 30 min 60 min 
Ecl1 0.0005 0.0005 0.0005 0.0005 0.0005 
Ecl2 0.00025 0.00025 0.00025 0.00025 0.00025 
Ecl3 0.00025 0.00025 0.00025 0.00025 0.00025 
Ecl4 0.00025 0.00025 0.00025 0.00025 0.00025 
Ecl5 0.0005 0.0005 0.0005 0.0005 0.0005 
Ecl6 0.0001 0.0001 0.0001 0.0001 0.0001 
Ecl7 0.0005 0.0005 0.0005 0.0005 0.0005 
Strain 
 
Concentration of free chlorine (mg/l) at a contact time of 
1 min 5 min 15 min 30 min 60 min 
Ecl1 0.5 0.5 0.5 0.5 0.5 
Ecl2 0.25 0.25 0.25 0.25 0.25 
Ecl3 0.25 0.25 0.25 0.25 0.25 
Ecl4 0.25 0.25 0.25 0.25 0.25 
Ecl5 0.5 0.5 0.5 0.5 0.5 
Ecl6 0.1 0.1 0.1 0.1 0.1 




The reference strain is shown in bold (Ecl7). 
The values given in Table 6a represent the highest bactericidal concentrations obtained from 
independent test series done in duplicates. 
4.3 Quantitative suspension tests 
In the quantitative suspension test as log reduction values (LR) ≥5 in bacterial 
numbers at a specific time fulfilled the requirements given by VAH. This test included 
investigations under clean conditions and in the presence of interfering organic 
material (i.e. BSA) as so-called “dirty conditions”. For PAA (Table 7), differences in 
bactericidal values between strains were two- up to eightfold. There was no 
significant influence of organic soiling on bactericidal values (p > 0.05). Moreover, 
increasing contact time had only a minor effect which resulted in a fourfold reduction 
of bactericidal values at maximum over time (Table 7, strain Ecl4). Compared to the 
qualitative suspension test results, bactericidal concentrations for a respective strain 
differed up to fourfold at a certain contact time (Table 7, strain Ecl6, 15 min w/o BSA). 
Values obtained by the quantitative suspension tests were lower or even higher 
compared to qualitative suspension test results. 
For ETH (Table 8), differences in bactericidal values between strains were 5 % at a 
certain contact time. Over time, bactericidal values decreased up to 5 %. There was 
no significant influence of organic soiling on bactericidal ETH values (p > 0.9999 at 1, 
5 and 15 min). Moreover, the bactericidal concentrations determined for ETH by 
quantitative suspension tests were up to almost six times higher compared to MICs 
and differed up to 5 % from qualitative suspension tests. 
For BKC (Table 9), differences in bactericidal values among strains were up to 2-fold 
at a certain time of contact. Increasing contact time resulted in up to fourfold 
decreasing bactericidal values for all strains over time (Table 9). The bactericidal 
concentrations determined without and with organic load were at maximum fourfold 
and eightfold higher compared to MICs and differed two- to fourfold from qualitative 
suspension tests. 
For NaOCl (Table 10 and 10 a), differences in bactericidal values between strains 
were up to twofold at a certain contact time. Organic soiling resulted in significantly 
higher bactericidal concentrations (2.5 to fivefold) at 5 min and 15 min (p = 0.0006), 
but showed no significant influence at 1 min (p = 0.7104). Values stayed identical, 
decreased or even increased twofold over time. Compared to MICs, bactericidal 
concentrations obtained without organic soiling were up to 25 times less and up to 
20-fold lower with organic soiling. Values also differed from qualitative suspension 




Table 7. Bactericidal concentrations of peracetic acid determined by quantitative suspension 
tests without and with organic soiling 
 
Strain 













Ecl1 0.006 0.012 0.006 0.006 0.006 0.012 
Ecl2 0.006 0.012 0.003 0.003 0.003 0.003 
Ecl3 0.003 0.006 0.0015 0.0015 0.0015 0.0015 
Ecl4 0.012 0.006 0.003 0.0015 0.003 0.0015 
Ecl5 0.012 0.012 0.006 0.006 0.006 0.003 
Ecl6 0.012 0.012 0.012 0.006 0.012 0.006 
Ecl7 0.006 0.012 0.006 0.006 0.006 0.006 
The reference strain is shown in bold (Ecl7).  
w/o – without, w – with, BSA – bovine serum albumin  
The values given in Table 7 represent the highest bactericidal concentrations obtained from two 
independent test series. 
Table 8. Bactericidal concentrations of ethanol determined by quantitative suspension tests 
without and with organic soiling 
 
Strain 













Ecl1 30 30 30 30 30 25 
Ecl2 30 30 30 30 25 25 
Ecl3 30 30 25 25 25 25 
Ecl4 35 35 30 30 30 30 
Ecl5 35 35 30 30 30 30 
Ecl6 35 35 30 30 30 30 
Ecl7 35 35 30 30 30 30 
The reference strain is shown in bold (Ecl7).  
w/o – without, w – with, BSA – bovine serum albumin 
The values given in Table 8 represent the highest bactericidal concentrations obtained from two 




Table 9. Bactericidal concentrations of benzalkonium chloride determined by quantitative 
suspension tests without and with organic soiling 
 
Strain 













Ecl1 0.02 0.04 0.01 0.01 0.005 0.005 
Ecl2 0.02 0.04 0.01 0.01 0.01 0.01 
Ecl3 0.02 0.04 0.01 0.01 0.01 0.01 
Ecl4 0.02 0.02 0.01 0.02 0.01 0.01 
Ecl5 0.02 0.04 0.01 0.01 0.005 0.01 
Ecl6 0.02 0.04 0.01 0.02 0.005 0.01 
Ecl7 0.02 0.04 0.01 0.02 0.005 0.01 
The reference strain is shown in bold (Ecl7).  
w/o – without, w – with, BSA – bovine serum albumin 
The values given in Table 9 represent the highest bactericidal concentrations obtained from two 
independent test series. 
Table 10. Bactericidal concentrations of sodium hypochlorite determined by quantitative 
suspension tests without and with organic soiling 
 
Strain 













Ecl1 0.008 0.02 0.008 0.04 0.008 0.02 
Ecl2 0.008 0.04 0.008 0.04 0.008 0.02 
Ecl3 0.008 0.02 0.008 0.02 0.004 0.02 
Ecl4 0.008 0.02 0.016 0.02 0.008 0.02 
Ecl5 0.008 0.02 0.008 0.04 0.008 0.02 
Ecl6 0.008 0.02 0.008 0.02 0.008 0.02 
Ecl7 0.008 0.02 0.008 0.04 0.008 0.02 
The reference strain is shown in bold (Ecl7). 
w/o – without, w – with, BSA – bovine serum albumin  
The values given in Table 10 represent the highest bactericidal concentrations obtained from two 





















Ecl1 8 20 8 40 8 20 
Ecl2 8 40 8 40 8 20 
Ecl3 8 20 8 20 4 20 
Ecl4 8 20 16 20 8 20 
Ecl5 8 20 8 40 8 20 
Ecl6 8 20 8 20 8 20 
Ecl7 8 20 8 40 8 20 
The reference strain is shown in bold (Ecl7).  
w/o – without, w – with, BSA – bovine serum albumin 
The values given in Table 10 a represent the highest bactericidal concentrations obtained from two 
independent test series. 
 
4.4 Surface disinfection without mechanical action (germ carrier test) 
The germ carrier test most likely represents the practical use of disinfectants. It was 
performed with interfering organic material. Experiments could only be done with six 
of the seven strains because strain Ecl3 was highly susceptible to drying which 
resulted in a 3- to 4-log10 reduction in viable counts during drying. Although the initial 
number in cfu/ml was within the requirements given by VAH no sufficient number of 
viable Ecl3 could be achieved after drying. 
PAA values (Table 11) determined by germ carrier tests were two- (Table 11, Ecl2, 1 
min) to 16-fold (Table 11, Ecl5, 15 min) higher at a certain contact time compared 
with results from quantitative suspension tests with organic soiling (Table 7). In 
contrast, differences compared to MICs were 8.3 times less at maximum. Among 
strains, values differed up to fourfold. Exposure time had no or only marginal 
influence on PAA bactericidal concentrations.  
Tests with ETH (Table 12) mainly showed slightly higher values as compared with 
qualitative suspension tests and quantitative suspension tests with organic soiling 
(Table 4 and 8). Single strains (Table 12, Ecl4 and Ecl7, 1 min) required a 15 % 
higher ETH concentration for sufficient reduction of bacterial counts compared to the 
latter tests. Among strains ETH values slightly differed and exposure time had no or 




BKC values determined by germ carrier tests were fourfold (Table 13, Ecl2, 15 min) 
to 128-fold (Table 13, Ecl4, 1 min) higher at a certain contact time compared with 
results from quantitative suspension tests with organic soiling (Table 9). Compared to 
qualitative suspension tests, differences were highest at 1 min contact time (i.e. 256-
fold) but decreased over time resulting in an eightfold difference at 30 min. Among 
strains values differed up to four times at certain contact time. Over time, values 
significantly decreased (p = 0.0022) resulting in up to 128 times less bactericidal 
concentrations at maximum. Comparison to MIC showed significantly higher 
concentration at all contact times (p = 0.0022). 
NaOCl values (Table 14 and 14 a) determined by germ carrier tests were identical or 
up to 16-fold (Table 14, Ecl4, 1 min) higher at a certain contact time compared with 
results from quantitative suspension tests with organic soiling (Table 10). In 
comparison to MIC and qualitative suspension tests, the bactericidal concentrations 
determined by germ carrier tests were 12.5 to 25 times lower and 16 to 80 times 
higher, respectively. Among strains values differed only slightly. Enhancing contact 
time from 1 min to 5 min resulted in significant less bactericidal values (p = 0.0022) 
Nonetheless, extending contact time to 30 min resulted in no significant difference 
compared to 15 min.  
Table 11. Bactericidal concentrations of peracetic acid obtained from practical surface tests 
without mechanical action 
 
Strain 
Bactericidal concentration (%) at a contact time of 
1 min 5 min 15 min 30 min 
Ecl1 0.048 0.048 0.048 0.048 
Ecl2 0.024 0.012 0.012 0.012 
Ecl3 ** ** ** ** 
Ecl4 0.024 0.012 0.012 0.012 
Ecl5 0.048 0.048 0.048 0.048 
Ecl6 0.048 0.048 0.048 0.048 
Ecl7 0.048 0.048 0.024 0.024 
The reference strain is shown in bold (Ecl7).  
** Strain Ecl3 turned out to be highly sensitive to desiccation which resulted in too low numbers after 
drying. Hence, germ carrier tests were not feasible with this respective strain. 
The values given in Table 11 represent the highest bactericidal concentrations obtained from two 








Bactericidal concentration (%) at a contact time of 
1 min 5 min 15 min 30 min 
Ecl1 40 40 30 40 
Ecl2 40 40 30 30 
Ecl3 ** ** ** ** 
Ecl4 50 40 30 30 
Ecl5 40 40 30 30 
Ecl6 40 40 40 40 
Ecl7 50 30 30 30 
The reference strain is shown in bold (Ecl7).  
** Strain Ecl3 turned out to be highly sensitive to desiccation which resulted in too low numbers after 
drying. Hence, germ carrier tests were not feasible with this respective strain. 
The values given in Table 12 represent the highest bactericidal concentrations obtained from two 
independent test series. 
Table 13. Bactericidal concentrations of benzalkonium chloride obtained from practical 
surface tests without mechanical action 
Strain Bactericidal concentration (%) at a contact time of 
1 min 5 min 15 min 30 min 
Ecl1 2.56 0.32 0.08 0.04 
Ecl2 2.56 0.32 0.04 0.04 
Ecl3 ** ** ** ** 
Ecl4 2.56 0.32 0.08 0.04 
Ecl5 2.56 0.32 0.04 0.02 
Ecl6 2.56 0.16 0.16 0.04 
Ecl7 2.56 0.16 0.08 0.02 
The reference strain is shown in bold (Ecl7). 
** Strain Ecl3 turned out to be highly sensitive to desiccation which resulted in too low numbers after 
drying. Hence, germ carrier tests were not feasible with this respective strain. 
The values given in Table 13 represent the highest bactericidal concentrations obtained from two 




Table 14. Bactericidal concentrations of sodium hypochlorite obtained from practical surface 
tests without mechanical action 
Strain 
Bactericidal concentration (%) at a contact time of 
1 min 5 min 15 min 30 min 
Ecl1 0.16 0.08 0.04 0.02 
Ecl2 0.16 0.04 0.02 0.02 
Ecl3 ** ** ** ** 
Ecl4 0.32 0.08 0.02 0.02 
Ecl5 0.16 0.04 0.02 0.02 
Ecl6 0.32 0.04 0.02 0.02 
Ecl7 0.16 0.04 0.02 0.02 
The reference strain is shown in bold (Ecl7). 
** Strain Ecl3 turned out to be highly sensitive to desiccation which resulted in too low numbers after 
drying. Hence, germ carrier tests were not feasible with this respective strain. 
The values given in Table 14 represent the highest bactericidal concentrations obtained from two 
independent test series. 
 
Table 14 a. Free chlorine concentrations deduced from bactericidal sodium hypochlorite 
concentrations 
Strain 
Bactericidal concentration (mg/l) at a contact time of 
1 min 5 min 15 min 30 min 
Ecl1 160 80 40 20 
Ecl2 160 40 20 20 
Ecl3 ** ** ** ** 
Ecl4 320 80 20 20 
Ecl5 160 40 20 20 
Ecl6 320 40 20 20 
Ecl7 160 40 20 20 
The reference strain is shown in bold (Ecl7). 
** Strain Ecl3 turned out to be highly sensitive to desiccation which resulted in too low numbers after 
drying. Hence, germ carrier tests were not feasible with this respective strain. 
The values given in Table 14 a represent the highest bactericidal concentrations obtained from two 





The most important representative of the Enterobacter cloacae complex, E. cloacae, 
constitutes a troublesome pathogen in healthcare worldwide. A high proportion of 
ESBL-producing strains among this species limit the choice of antimicrobial 
therapeutic options (MEZZATESTA et al. 2012). Several reports about nosocomial 
outbreaks and the tendency of E. cloacae to contaminate medical, intravenous and 
other hospital devices (MEZZATESTA et al. 2012) strengthen the need for proper 
disinfection measures. In particular, because antibiotic resistance may occur after 
prolonged exposure to sublethal concentrations to some biocides (KAMPF 2018). 
Moreover, MURTOUGH et al. (2001) noted that hospital isolates of Gram-negative 
bacteria are usually more insusceptible to biocides than laboratory strains. Further, 
HAENNI et al. (2016) reported that most ESBL-producing E. cloacae isolated from 
animals belong to potentially high-risk clones in humans. This raised concern about 
the transfer of E. cloacae from animals to humans. The current study was undertaken 
to prove whether single active ingredients of widely used disinfectants provide proper 
efficacy at the recommended concentrations and exposure times. For this purpose, 
six multidrug-resistant E. cloacae isolates, further classified as 4MRGN and 3MRGN 
(KRINKO 2012), obtained from human patients in a clinical setting were tested and 
compared to the E. cloacae type strain. Disinfectant-testing at various concentrations 
was performed according to the guidelines specified by the Disinfectants Commission 
within the VAH, which is one of the most important German institutions for issuance 
of certificates and listing of disinfection procedures. The VAH guidelines are 
equivalent to European Standards but include additional exploratory tests (EXNER 
and GEBEL 2016). The studies were performed in vitro with four different tests: 
determination of MICs, determining bactericidal values by qualitative and quantitative 
suspension tests, and conditions representative of practical use (germ carrier test). 
The aim was to compare these commonly used methods and determine a suitable 
method for analyzing whether surface disinfectants have efficacy against MRGN or 
not. Peracetic acid, ethanol, benzalkonium chloride, and sodium hypochlorite were 
selected as they are widely used in food processing industry, health care facilities, 
human and veterinary medicine, animal husbandry as well as daily use household 
cleaners. 
The most important finding from this study was that disinfectants under the chosen 
concentrations and conditions of use were effective against multidrug-resistant E. 
cloacae and the reference strain. Overall, MRGN-E. cloacae showed no higher 
tolerance to PAA, ETH, BKC and NaOCl. 
MICs determined for PAA, ETH, and BKC were similar to findings reported for other 




Results for NaOCl also corresponded to findings by GEBER et al. (2019) but differed 
from data obtained for multidrug-resistant Klebsiella which required 10-fold higher 
MICs (KÖHLER et al. 2018). In general, MICs defined in this study were lower than 
the in-use concentrations of commercially available products which is agreement with 
other studies (HAMMOND et al. 1987; OHTA et al. 2001; ÖZKURT et al. 2003; LEAR 
et al. 2006; COUTO et al. 2013; MORRISSEY et al. 2014; SCHWAIGER et al. 2014; 
ESPIGARES et al. 2017; KÖHLER et al. 2018; GEBER et al. 2019; KÖHLER et al. 
2019). However, determination of MICs might not be the best method to determine 
proper in-use concentrations for surface disinfection (GEBER et al. 2019; MAILLARD 
2010; OMIDBAKHSH 2010). Nevertheless, it is widely used because it is the 
standard method for antimicrobial susceptibility testing and very time effective 
compared to suspension tests which also may have some limitations (JONES 1999; 
RUSSELL 2003; SUNDHEIM et al. 1998). The results from MIC and suspension tests 
do not always correlate (SUNDHEIM et al. 1998; LANGSRUD et al. 2003) which is 
supported by the findings of the study at hand. 
 
Moreover, it was shown that the results from qualitative and quantitative suspension 
tests do not always correlate (EL-AZIZI et al. 2016; AKINBOBOLA et al. 2017). 
Quantitative suspension test results were lower or even higher as compared to 
suspension tests as was distinctly shown for NaOCl values which differed from 
qualitative suspension tests up to 64 times. Of both methods, the quantitative 
suspension test might be more practical as it includes investigations under clean 
conditions and dirty conditions. For PAA and ETH, organic soiling showed no 
significant influence on bactericidal values in quantitative suspension tests which is in 
agreement to GEBER et al. (2019). Increasing contact time had only a minor effect. 
This is in contrast to BKC in that organic soiling and contact time played an important 
role (Table 9). For NaOCl, effectivity was affected by organic soiling resulting in an 
increase of bactericidal concentrations as has been reported elsewhere (HOFF and 
AKIN 1986; CERAGIOLI et al. 2010; KÖHLER et al. 2018). Exposure time had no 
influence which is also in accordance to others (KÖHLER et al. 2018). Overall, the 
values determined in MIC testing, quantitative and qualitative suspension tests with 
PAA, ETH, BAC, and NaOCl were similar to values determined for multidrug-resistant 
K. pneumoniae strains (KÖHLER et al. 2019). Results of numerous studies on 
bacteria susceptibility to biocides, including MRGN, are difficult to compare because 
of differences in test methods and because of the lack of reference values 
(OOSTERIK et al. 2014). There is no standardized method to determine bacterial 
susceptibility against disinfectants but it has been deemed necessary in order to be 




2019; KÖHLER et al. 2019). Practical tests on surfaces without mechanical action 
(i.e. germ carrier tests) are more appropriate as they represent in use conditions 
(KÖHLER et al. 2018; GEBER et al. 2019; KÖHLER et al. 2019). When comparing 
bactericidal concentrations of all disinfectants determined in practical tests on 
surfaces without mechanical action and in quantitative suspension tests with organic 
soiling at a certain contact time, results showed similar or even higher concentrations 
in practical tests. These data support the finding that the disinfection of bacteria 
attached to surfaces might be less efficient compared to bacterial cells in suspension 
(EGINTON et al. 1998; KÖHER et al. 2019). As a consequence, higher disinfectant 
concentrations for PAA, BKC and NaOCl could be necessary. Unexpectedly, 
practical tests could not be performed with strain Ecl3 due to its high susceptibility to 
drying. This was in contrast to BARRON and FORSYTHE (2007) who described long 
term survival of E. cloacae in the desiccated state over 6 months. However, dry 
conditions may affect the survival of individual E. cloacae strains. For this reason, 
keeping the working area and facilities dry may benefit disinfection. 
 
Disinfection of Enterobacter-biofilms was not part of the current study. Owing to 
COSTA et al. (2019) multidrug resistant organisms are more resistant or tolerant to 
disinfectants in biofilm for instance, total bacterial counts in biofilms contaminating 
surfaces showed no difference irrespective of cleaning the surface once or twice a 
day and different type of disinfectants used. Nevertheless, CAI et al. (2018) 
suggested that biofilm of E. cloacae is highly sensitive to chlorite-based disinfectants. 
Hence, further investigation of the usefulness of disinfectants against these biofilms 
is required. 
 
In-use concentrations of commercial products are much higher than the values of the 
single active substances used here. Therefore, it can be concluded from the results 
of this study that in-use concentrations of commercial products at a certain contact 
time are effective against multidrug-resistant E. cloacae and this is in accordance to 
other studies on MRGN (GEBER et al. 2019; KÖHLER et al. 2019). Nevertheless, 
failures might result from improper usage conditions, for example, temperature, 
biofilm or organic material inhibiting the access of the disinfectant to the organisms, 
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Introduction: Enterobacter (E.) cloacae subsp. cloacae are important human 
pathogens, particularly in hospitalized patients. They tend to contaminate various 
medical devices and nosocomial outbreaks have been reported to be associated with 
the colonization of surgical equipment. Therefore, it is critical to determine the 
efficacy and effectiveness of disinfectants against this bacterial species. 
Objectives: The current study was undertaken to prove whether single active 
ingredients (i.e. peracetic acid, ethanol, benzalkonium chloride, and sodium 
hypochlorite) of widely used commercial disinfectants provide proper efficacy against 
multidrug-resistant human isolates of E. cloacae.  
Material and Methods: Six multidrug-resistant E. cloacae isolates obtained from 
patients in a clinical setting were tested and compared to the E. cloacae type strain. 
The studies were performed in vitro using peracetic acid, ethanol, benzalkonium 
chloride and sodium hypochlorite following the guidelines specified by the 
Disinfectants Commission within the Association of Applied Hygiene. Tests included 
determination of minimum inhibitory concentrations, bactericidal values by qualitative 
and quantitative suspension tests, and so-called germ carrier tests. The influence of 
exposure time and organic load on bacteriostatic and bactericidal concentrations was 
evaluated for each disinfectant using the two-tailed Mann-Whitney U-test. 
Results: Study results showed that multidrug-resistant E. cloacae strains were 
equally susceptible to disinfectants as the type strain. Organic matter highly 




acid and ethanol were not influenced by organic soiling. Contact time had only a 
minor effect on bactericidal values. This was in contrast to benzalkonium chloride 
where organic soiling and contact time played an important role. On the whole, 
minimum inhibitory concentrations and bactericidal concentrations were lower than 
in-use concentrations of commercial products. Drying on smooth surfaces in the 
carrier tests had an effect on the survival of one E. cloacae strain. Results also 
showed that efficacious values determined by the different tests used may differ 
distinctly. Results were difficult to compare with other studies because an 
international practical standard for testing disinfectant efficacy against multidrug-
resistant bacteria is missing. 
Conclusion: Peracetic acid, ethanol, benzalkonium chloride and sodium hypochlorite 
are suitable to disinfect multidrug-resistant E. cloacae but the effectiveness of sodium 
hypochlorite and benzalkonium chloride is strongly influenced by organic matter. This 
underlines the importance of proper cleaning measures before disinfection. When 
this is done, the tested disinfectants proved to be as efficient against multidrug-
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Einführung: Enterobacter (E.) cloacae subsp. cloacae sind wichtige 
Humanpathogene, insbesondere bei stationär untergebrachten Patienten. Sie sind in 
der Lage, Medizinprodukte zu kontaminieren, und es wurde über nosokomiale 
Krankheitsausbrüche in Verbindung mit der Kolonisation von chirurgischen Utensilien 
berichtet. Es ist daher wichtig, die Wirksamkeit und Effizienz von Desinfektionsmitteln 
gegenüber dieser Bakterienart zu bestimmen. 
Ziele: Die aktuelle Studie wurde durchgeführt, um nachzuweisen, ob Peressigsäure, 
Ethanol, Benzalkoniumchlorid und Natriumhypochlorit, welche weit verbreitet in 
kommerziellen Desinfektionsmitteln enthalten sind, eine ausreichende Wirksamkeit 
gegen multiresistente, von Patienten im Krankenhaus isolierte, E. cloacae aufweisen. 
Material und Methoden: Sechs multiresistente E. cloacae Isolate, die von Patienten 
in einem klinischen Umfeld gewonnen wurden, wurden getestet und mit dem E. 
cloacae Typstamm verglichen. Die Studien wurden in vitro mit Peressigsäure, 
Ethanol, Benzalkoniumchlorid und Natriumhypochlorit nach den Richtlinien der 
Desinfektionsmittel-Kommission des Verbundes für Angewandte Hygiene e.V. 
durchgeführt. Die Tests umfassten qualitative und quantitative Suspensionstests zur 
Bestimmung der bakteriziden Wirkung, den sogenannten Keimträgertest und die 
Bestimmung der minimalen Hemmkonzentrationen. 
Ergebnisse: Die Studienergebnisse zeigten, dass multiresistente E. cloacae 
Stämme genauso empfindlich gegenüber Desinfektionsmitteln waren wie der 




minderte dadurch seine Wirksamkeit, während Peressigsäure und Ethanol nicht 
durch organische Verunreinigung beeinflusst wurden. Die Kontaktzeit hatte nur einen 
geringen Einfluss auf die bakterizide Wirkung. Im Gegensatz dazu spielten bei 
Benzalkoniumchlorid organische Verunreinigung und die Kontaktzeit eine wichtige 
Rolle. Insgesamt waren die minimalen Hemmkonzentrationen und die bakterizid 
wirksamen Konzentrationen niedriger als die für kommerzielle Produkte 
gebräuchlichen Konzentrationen. In den Keimträgertests hatte das Trocknen auf 
einer glatten Oberfläche einen Einfluss auf das Überleben eines Stammes von E. 
cloacae. Die Ergebnisse zeigten auch, dass sich die Wirksamkeit der 
Desinfektionsmittel in den verschiedenen verwendeten Tests deutlich unterscheiden 
kann. Die Ergebnisse waren schwer mit anderen Studien zu vergleichen, da eine 
internationale Durchführungsrichtlinie für die Prüfung der Wirksamkeit von 
Desinfektionsmitteln gegen multiresistente Bakterien fehlt. 
Fazit: Peressigsäure, Ethanol, Benzalkoniumchlorid und Natriumhypochlorit eignen 
sich zur Desinfektion von multiresistenten E. cloacae. Die Wirksamkeit von 
Natriumhypochlorit und Benzalkoniumchlorid wird jedoch stark durch organische 
Stoffe beeinflusst. Dies unterstreicht die Bedeutung geeigneter 
Reinigungsmaßnahmen vor der Desinfektion. Wenn dies erfolgt ist, erweisen sich die 
getesteten Desinfektionsmittel gegen multiresistente E. cloacae genauso effektiv wie 
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Table 1. Antibiotic resistance patterns of clinical isolates and the reference strain 
Antibiotic substance 















Ampicillin R R R R R R R 
Amoxicillin R R R R R R R 
Amoxicillin/Clavulanic acid R R R R R R R 
Ampicillin/Sulbactam R R R R R R R 
Piperazillin R R R R R R R 
Piperazillin/Tazobactam  R R R I R R R 
Piperazillin/Sulbactam R R R R R R R 
Cefazolin/Cefaclor  R R R R R R R 
Cefalothin/1. Gen. cephalosporin R R R R R R R 
Cefuroxime-Axetil R R R R R R R 
Cefotaxime R R R R R R R 
Ceftriaxone R R R R R R R 
Ceftazidime R R R R R R R 
Cefalexin R R R R R R R 
Cefpodoxime-Proxetil R R R R R R R 
Ceftibuten R R R R R R R 
Cefixime R R R R R R R 
Imipenem S I S S S S S 
Meropenem S I S S S S S 
Ertapenem S R S S S S S 
Gentamicin R S R R R S S 
Tigecycline R R S I S R S 
Ciprofloxacin R R I R I R S 
Levofloxacin R R I R I R S 
Moxifloxacin R R R R R R S 
Trimethoprim R S R R R R S 
Cotrimoxazole R S R R R R S 
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